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ABSTRACT OF THE DESCLOSURE 

A piezoelectric resonator comprises a wafer of piezo 
electric material provided with recesses in opposite face 
surfaces thereof. A pair of electrodes are positioned in 
the recesses respectively. The depth dimensions of the 
recesses are sized to provide a desired overall thickness 
of the electroded region relative to the non-electroded 
region to achieve a desired mass loading of the electroded 
region without varying the electrode thickness. Reference 
is made to the claims for a legal definition of the in 
vention. 

This invention relates to piezoelectric resonators and, 
specifically, to improved high frequency resonators for 
use in electric filter, circuits and the method of making 
the same. 
The invention has utility in connection with piezoelec 

tric resonators comprising a thin wafer of monocrystalline 
or ceramic material having a vibrational mode produc 
ing a particle displacement in the plane of the wafer 
which is anti-symmnetrical about the center plane of 
the wafer. Such vibrational modes include the thickness 
shear, thickness twist and torsional modes all of which 
can be obtained with piezoelectric monocrystalline ma 
terials and in piezoelectric ceramic materials. 
The typical wafer type of resonator of thickness (t) 

is provided with electrodes of predetermined area on op 
posite planar surfaces thereof to enable the resonator to 
be excited electromechanically in its principal vibratory 
mode. At the resonant condition maximum particle motion 
and wave motion occurs. 

In copending application Ser. No. 281,488 filed on May 
20, 1963 by William Shockley and Daniel R. Curran 
and assigned to the same assignee as the present inven 
tion there are disclosed resonator structures in which 
wave propagation beyond the electroded region is mini 
mized to thereby reduce the "range of action' and maxi 
mize the mechanical Q. This is accomplished by struc 
turally establishing a relationship between the resonant 
frequency fa of the electroded region and the resonant 
frequency f of the surrounding non-electroded region 
of the wafer whereby the frequency facts as a cut-off 
frequency for propagation of the vibratory mode from 
the electroded region. The relationship is preferably such 
that f/f is in the range of 0.8 to .999, i.e., a value less 
than one, as disclosed in application Ser. No. 281,488. One 
disclosed method of accomplishing the frequency rela 
tionship is to utilize a calculated electrode thickness t 
relative to the thickness tw of the wafer to effect a pre 
determined mass loading of the electroded region where 
by its resonant frequency is decreased relative to that 
of the Surrounding wafer material. 
With respect to very high frequency (VHF) resonators 

the electrode mass loading concept as disclosed in appli 
cation Ser. No. 281,488 for reducing wave propagation 
becomes difficult to use with increase in frequency. 

Utilizing the mass loading concept the relationship of 
the electrode diameter (d) of a high frequency resonator 
structure with other parameters may be expressed by the 
following equation in accordance with the theory dis 
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2 
closed in our copending application Ser. No. 448,922 
filed concurrently herewith: 

-Mis? J. Y' ds fif) (1) 
where M is a constant, tw is the wafer thickness, n is the 
order of the harmonic (1, 3, 5, etc.), f is the resonant 
frequency of the electroded region of the wafer, f is 
the calculated cut-off resonant frequency of the surround 
ing non-electroded region. 
The effective mechanical Q of a high frequency resona 

tor may be expressed by the following equation: 

Q-WOR (2) 
where C is the motional capacitance of the resonator, 
W is equal to 2arf, and R is the total resistance (motional 
resistance plus electrical resistance). 

In the case of a high frequency resonator there is a sub 
stantial limitation on the maximum diameter at a given 
frequency which can be obtained since the electrode thick 
ness must be decreased with increase in electrode area 
to achieve the desired relationship between f and for AS 
the electrode thickness decreases the resistance of the elec 
trodes and leads will increase causing a reduction in 
mechanical Q as will be apparent from Equation 2. 

It is an object of the present invention to provide a 
high frequency resonator possessing low resistance, high 
material capacitance and high mechanical Q. 
Another object of the invention is to achieve a smaller 

degree of mass loading in a high frequency resonator 
while mounting a low electrical resistance. 

Another object of the invention is to provide an im 
proved method of fabricating a high frequency resona 
tor structure. 
The invention in general contemplates a resonator struc 

ture comprising a thin wafer of piezoelectric material 
having electrodes on opposite surfaces thereof which coact 
with the intervening piezoelectric material to form a piezo 
electric resonator. The wafer of piezoelectric material is 
provided with a recess or cavity in at least one major sur 
face thereof in which an electrode is formed or mounted. 
The structure of the resonator is such that the region of 
piezoelectric material between the two electrodes is less 
in thickness than the surrounding region. With this ar 
rangement thicker electrodes can be utilized than would 
ordinarily be possible in a high frequency resonator hav 
ing a predetermined electrode diameter since a portion of 
the electrode thickness forms a portion of the wafer thick 
ness. As a result the optimum relationship between the 
resonant frequencies of the electroded and non-electroded 
regions and a low electrode resistance can be obtained 
for an electrode diameter corresponding to a particular 
frequency. 

Other objects and advantages will become apparent 
from the following description taken in connection with 
the accompanying drawing wherein: 
FIGURE 1 is a perspective view of a piezoelectric 

resonator embodying the invention; 
FiGURE 2 is a section taken along line 2-2 of FIG. 

URE 1; 
FiGURES 3 and 4 are sectional views illustrating a 

structural modification of the resonator shown in FIG 
URE 1. 

Referring to FIGURE 1 of the drawing there is shown 
a piezoelectric resonator identified generally by the refer 
ence numeral 10. In general the resonator 10 comprises a 
thin wafer (in this case circular) of piezoelectric material 
12 having a pair of oppositely disposed electrodes 4 and 
16 which coact with the intervening piezoelectric material 
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to define a resonator. Preferably resonator 10 is of the 
wafer type shown in FIGURE 1 formed from monocrys 
talline or ceramic material having a vibrational mode 
producing a particle displacement in the plane of the 
wafer which is antisymmetrical about the center plane of 
the wafer, e.g., thickness shear, thickness twist and tor 
sional modes. - 
Known monocrystalline piezoelectric materials include 

quartz, Rochelle Salt, DKT (di-potassium tartrate), 
lithium sulfate or the like. As is well known to those 
skilled in the crystallographic arts, the basic vibrational 
mode of a crystal wafer is determined by the orientation 
of the wafer with respect to crystallographic axis of the 
crystal from which it is cut. It is known for example that 
a "0 Z-cut” of DKT or an "AT-cut” of quartz may be 
used for a thickness shear mode of vibration. 
Of the various monocrystalline piezoelectrics available 

quartz, primarily because of its stability and high me 
chanical quality factor Q is a preferred material for 
narrow band filter applications. An "AT-cut” quartz wafer 
responds in the thickness shear mode to a potential 
gradient between its major surfaces and is particularly 
suitable. 
For wider band filters the wafers are preferably fabri 

cated of a suitable polarizable ferroelectric ceramic mate 
rial such as barium titanate, lead zirconate-lead titanate, 
or various chemical modifications theroef. Suitable ce 
ramic material for the purposes of the invention are 
ceramic compositions of the type disclosed and claimed in 
U.S. Patent No. 3,006,857 and the copending application 
of Frank Kulcsar and William R. Cook, Jr., Ser. No. 
164,076, filed Jan. 3, 1962, and assigned to the same as 
signee as the present invention. Such ferroelectric ceramic 
compositions may be polarized by methods known to 
those skilled in the art. For example, a thickness shear 
mode of vibration may be accomplished through polariza 
tion in a direction parallel to the major surfaces of a 
wafer, in the manner described in U.S. Patent 2,646,610 
to A. L. W. Williams. 

While, as discussed, the inventive concept is equally 
applicable to monocrystalline or ceramic piezoelectric 
wafers having a vibrational mode wherein the partial 
motion is antisymmetrical with respect to the centerplane, 
the disclosure will be in regard to resonators comprising 
an “AT-cut” quartz crystal. 

In accordance with the teaching of copending applica 
tion Serial No. 448,922, the resonator i0 defines an 
electroded region which has a resonant frequency f, less 
than the resonant frequency f of the surrounding region. 
Preferably the frequencies f and f are related whereby 
f/f is in the range of 0.8 to .99999. 
To achieve a desired electrode diameter and thickness 

and a desired relationship between fa and f, the wafer 12 
is provided with oppositely disposed recesses or cavities 
18 and 20 of dimensions complimental to the planar di 
mensions of the electrodes 4 and 16. The electrodes 14 
and 16 are formed or received within recesses 18 and 20 
and have a predetermined thickness which may exceed, 
equal or be less than the depth of recesses 18 and 20 de 
pending on the density of the electrode material. In FIG 
URE 2 the electrodes 14 and 16 are shown as having a 
thickness greater than the depth of the recesses 18 and 20. 
The wafer 12 is additionally provided with elongated 

recesses 22 and 24 on the opposite face surface thereof 
which extend from the wafer edge to the recesses 18 and 
20 respectively. A pair of electrically conductive leads 26 
and 28 are formed or received within recesses 22 and 24 
respectively to facilitate attachment of electrodes 4 and 
16 to electrical circuits. 
The electrodes 14 and 16 and leads 26 and 28 may be 

separately fabricated as parts and then cemented in their 
respective recesses or may be formed by vapor depositing 
material such as aluminum, gold or silver directly into the 
recesses utilizing suitable masking as is necessary. Pref 
erably, the leads 26, 28 and electrodes 14, 16 comprise 
vapor deposited aluminum material. 
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The electrode recesses 18, 20 and the lead recesses 26, 

28 may be formed in the wafer surface prior to the vapor 
deposition process by known masking and etching tech 
niques. Preferably, however, the wafer configuration 
shown in FIGURE 2 is achieved by fabricating a rela 
tively thin wafer 12a as shown in FIGURE 3, masking 
the electrode and lead areas, and then vapor depositing 
a layer 30 of high Q insulating material such as silicon 
monoxide on the un-masked portions, the deposited layer 
thickness being equal to the desired depth of recesses 18a 
and 20a. The electrodes and leads may be subsequently 
vapor deposited on the wafer structure thus formed in the 
same manner as described in connection with FIGURE 2. 

Still another technique of fabricating wafer 12 to the 
desired configuration is illustrated by FIGURE 4. In this 
embodiment a thin wafer 12b of uniform thickness is 
provided with a vapor deposited layer 32 of aluminum as 
shown in FIGURE 4 to produce a total effective thick 
ness equal to the desired wafer thickness. The electrode 
and lead areas are than coated with a photoresist material 
whereupon the structure is submersed in an electrolyte 
and anodized. The aluminum layer where not protected by 
the resist will anodize, increase in thickness and become 
a dense insulating material giving the wafer the desired 
total effective thickness, the protected regions defining the 
electrode and lead regions. To achieve the desired mass 
loading of the electroded region additional material 34 
such as aluminum, gold, silver, etc., may be vapor de 
posited on the non-anodized electrode regions thus formed 
as indicated in FIGURE 4. 

In accordance with the theory disclosed in copending 
application Ser. No. 281,488 the resonant frequency f. 
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of the electroded region may be determined by the follow 

pe 

ing equation: 
N t-1 -1+2 f ta 1-- o ta (3) 

where p is the density of the electrode material and p is 
the density of the wafer material (in this case quartz), te 
is the electrode thickness, ta is the wafer thickness in the 
electroded region and N is the frequency constant. 
The resonant frequency f of the non-electroded region 

(b) may be expressed as follows in terms of the frequency 
constant N and wafer thickness t 

N 
f = (4) 

Combining Equations 3 and 4 the resonant frequency 
ratio S2 may be expressed as follows: 

- =: pete So fb ta 1+2, ta (5) 
It will be apparent that through application of Equa 

tions 3, 4 and 5 the electroded and non-electroded regions 
and electrodes 14 and 16 may be selectively sized to 
produce a desired resonant frequency difference. 

In actual practice the resonator electrode diameter is 
initially selected in accordance with the characteristics 
desired, e.g., capacitance, resistance, etc. The value de 
termined and the frequency f is then inserted into Equa 
tion 1 whereupon the equation is solved for f. The thick 
nesses tat and t are then determined from Equations 3 
and 4. 
The positioning of electrodes 14 and 16 in recesses 18 

and 20 permits a substantial electrode thickness with even 
a large diameter electrode in a high frequency resonator 
while at the same time achieving the desired small value 
of mass loading. Optimum characteristics are thus 
achieved. Such positioning of the electrodes also permits 
use of substantially smaller mass loading then heretofore 
practical. Values of fa/f as large as 0.99999 are feasible. 

While in the disclosed embodiment of the invention the 
electrodes 14 and 16 are both formed in recesses it will 
be apparent to those skilled in the art that one electrode 
can be alternately positioned on the wafer surface and 
the other electrode positioned in a recess of increased 
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depth to achieve the desired effective thicknesses of the 
electroded and the non-electroded regions of the wafer. 
The recessing of both electrodes is preferred, however, 
because of the symmetry of the resulting structure. 
The following is a tabulation of the dimensions and 

characteristics of a 50 megacycle 5th harmonic mode 
resonator in accordance with the present invention and a 
prior art resonator having electrodes mounted on the 
wafer surface in the conventional manner, the electrode 
diameter being the same in both resonators: 

Prior Art Resonator Em 
Resonator bodying Invention 

Total Resistance, RT--------- 84 ohms----------- 64 ohms. 
Static Capacitance, Co-------- i.58pf----- - 1.58pf. 
Motional Capacitance, C1 2.91X10-4 pf - 2.91X10-4 pf. 
Mechanical Q, Q m------- 129,000----- - 170,000. 
Jalfb--------------------- --- 0.999--------- - 0.999. 
Electrode Thickness, te------- 770 Angstroms.---- 2,310 Angstroms. 
Lead Resistance, RL---------- 30 ohms----------- 10 ohms. 

In the above example the lead resistance R, was esti 
mated using measured resistivity at 50 megacycles of an 
aluminum thin film (t=526 Angstroms) deposited in the 
Sac alle. 
From the above data it will be apparent that the present 

invention permits the electrode thickness to be increased 
substantially resulting in a substantial decrease in electrode 
resistance and a substantial increase in mechanical Q. 
The invention has utility in connection with multi 

resonator structures such as disclosed in copending ap 
plication Ser. No. 216,846. The individual electrodes may 
be selectively recessed in the manner illustrated in 
FIGURE 2 to achieve the desired characteristics. 
While there have been described what at present are 

believed to be the preferred embodiments of this inven 
tion, it will be obvious to those skilled in the art that 
various changes and modifications may be made therein 
without departing from the invention, and it is aimed, 
therefore, to cover in the appended claims all such changes 
and modifications as fall within the true Spirit and Scope 
of the invention. 

It is desired to secure by Letters Patent of the United 
States: 

1. A piezoelectric resonator comprising: a thin wafer of 
piezoelectric material defining a center plane and having 
a vibratory mode in which the particle displacement is 
anti-symmetrical relative to said plane; a pair of recesses 
on opposite major surfaces of said wafer respectively; 
and a pair of electrodes having a predetermined thick 
ness positioned in said recesses, respectively; said elec 
trodes and the interposed wafer material defining an elec 
troded region having a resonant frequency fa related to 
the overall thickness of the electroded region, the Sur 
rounding non-electroded region of the Wafer defining a 
second higher resonant frequency f. related to the thick 
ness of the wafer, said recesses having a predetermined 
depth to achieve a predetermined overall thickness of 
the electroded region relative to the non-electroded region 
to achieve a predetermined ratio fa/f while maintaining 
said predetermined thickness of said electrodes. 

2. A piezoelectric resonator as claimed in claim 1 where 
in said wafer is provided with elongated recesses on op 
posite said wafer is provided with elongated recesses on 
opposite surfaces thereof and said resonator includes con 
ductive leads for said electrodes positioned in said elon 
gated recesses. 

3. A piezoelectric resonator as claimed in claim 2 
wherein said electrodes and leads comprise electrically 
conductive material vapor deposited in said recesses. 

4. A piezoelectric resonator comprising: a thin wafer 
of piezoelectric material having a thickness shear mode 
of vibration; a pair of recesses on opposite major sur 
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6 
faces of said wafer; a pair of electrodes positioned in 
said recesses respectively; said electrodes having a prede 
termined thickness and the interposed wafer material de 
fining an electroded region having a resonant frequency 
fa related to the overall thickness of the electroded region, 
the surrounding non-electroded region of the wafer defin 
ing a second higher resonant frequency f. related to the 
thickness of said wafer; said first and second resonant fre 
quencies being related whereby fa/f is in the range of 0.8 
to 0.99999; said recesses having a depth dimension sized 
to achieve a desired overall thickness of the electroded 
region to achieve a desired ratio fa/f within said range 
without varying said predetermined electrode thickness. 

5. A piezoelectric resonator as claimed in claim 4 where 
in said electrodes and recesses are of circular configura 
tion. 

6. A piezoelectric resonator as claimed in claim 5 
wherein said wafer material is quartz. 

7. A piezoelectric resonator as claimed in claim 5 
wherein said wafer material is piezoelectric ceramic mate 
rial. 

8. A high frequency piezoelectric resonator comprising: 
a thin wafer of piezoelectric material defining a center 
plane and having a thickness predetermined t and a vibra 
tory mode in which the particle displacement is anti 
symmetrical relative to said center plane; a pair of circular 
recesses in opposite face surfaces of said wafer respec 
tively; a pair of circular electrodes positioned in said 
recesses respectively having a predetermined diameter d; 
said electrodes and the interposed wafer material de 
fining a first region in said wafer having a first resonant 
frequency f. related to the overall thickness of said first 
region surrounded by a second region in said wafer hav 
ing a resonant frequency f. related to the thickness of 
said wafer; said first and second resonant frequency being 
related whereby f/f is in the range of 0.8 to 0.99999; 
said wafer and electrodes being dimensioned whereby d, 
f, f and t are related in accordance with the following 
equation: 

ds." - fb-fa 

where M is a constant and n is the harmonic order of 
frequency f, said recesses having a depth dimension sized 
to achieve a desired overall thickness of said first region 
and a desired value of f/f within said range. 

9. A piezoelectric resonator comprising: a thin wafer 
of piezoelectric material having opposite major Surfaces 
and a recess in at least one of said surfaces; and a pair 
of electrodes each having a predetermined thickness posi 
tioned on said surface respectively to define an electroded 
region in said wafer having a resonant frequency fare 
lated to the overall thickness of the electroded region 
and to define a surrounded non-electroded region having 
a resonant frequency f higher in magnitude than the 
frequency fa; one of said electrodes being positioned 
in said recess to decrease the overall thickness of said 
electroded region and to increase the frequency fa relative 
to the frequency f. to achieve a higher ratio fa/fb without 
decreasing the thickness of said electrodes. 
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